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ABSTRACT 23 
 24 
This study provides an assessment of the temporal changes in ΔR, which is the local 25 
deviation from the global surface water Marine Reservoir Effect (MRE), in the Point Barrow 26 
area of the Alaskan Arctic, a coastal archaeological area that has experienced severe erosion 27 
accelerated by global warming. A total of 26 samples were submitted for radiocarbon (14C) 28 
dating from eight secure Thule (AD 1000–1750) archaeological contexts, and specifically 29 
from archaeological features with paired processed seal and caribou bones that had been 30 
frozen in situ. This new approach towards ΔR estimation provides a best-fit local correction 31 
for the 14C dating of human populations by focusing on the marine mammal (seals) 32 
predominantly consumed by the Thule (Coltrain et al. 2016). The weighted-mean ΔR value 33 
on these pairs is 450 ± 84 years, which is about 50 years less than the weighted-mean (506 ± 34 
69 years) for the Point Barrow area calculated through 14C measurements from four known-35 
age bivalves collected in AD 1913 (McNeely et al. 2006). The effects of using this new ΔR 36 
value for calibration was assessed through the Bayesian chronological modeling of 54 14C 37 
measurements from samples of human skeletons interred in the Nuvuk cemetery at Point 38 
Barrow, the largest ancient cemetery in northwest Alaska and traditionally thought to date to 39 
the Thule and earlier Birnirk (AD 500–1000) periods. 40 
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INTRODUCTION 47 
 48 
Approximately one thousand years ago, during the Medieval Climate Anomaly (AD 950–49 
1250), the Thule spread throughout the American Arctic and ‘replaced’ the existing Paleo-50 
Eskimo populations. This represented the final ancient human migration into the American 51 
Arctic (Raghavan et al. 2014). While earlier Paleo-Eskimo groups were predominantly 52 
seasonally mobile foragers, the Thule established networks of sedentary villages strategically 53 
placed in prime locations to hunt seal, whale, and avian populations. Thule success in these 54 
challenging environments has long been attributed to their effective means for transportation, 55 
specifically dog sleds and large skin boats, and their sophisticated harpoon float gear for 56 
hunting large whales (Maxwell 1985; McGhee 1996). 57 
 58 
The recent resurgence of radiocarbon (14C) dating in Arctic archaeology has revealed that the 59 
Point Barrow area at the northernmost tip of Alaska played a pivotal role in Thule emergence 60 
and later served as the origin point for Thule migrations into the eastern Arctic (Jensen 61 
2009a, 2009b; McGhee 2009; Morrison 2009). Thus far, 238 14C measurements have been 62 
obtained on archaeological samples from this area; primarily from marine mammals, 63 
driftwood, and human skeletal remains. 64 
 65 
Conversely, the level of chronological precision that has been achieved for the interpretation 66 
of this data has been quite coarse, because almost all of the 14C dated samples are either 67 
potentially residual or contain significant portions of marine-derived carbon (Jensen 2009a, 68 
2009b; 2014). Arctic MRE offsets can vary from several hundred to over a thousand years, 69 
depending on the extended residence time of 14C in local oceanic environments (McNeely et 70 
al. 2006), which presents a challenge for producing accurate 14C calibrations. Point Barrow is 71 
located at the confluence of the Chukchi Sea and the Beaufort Sea, further complicating the 72 
issue due to marine creatures living in and across these two bodies of water. 73 
 74 
ΔR values provide a local offset from the global MRE for surface waters (Queiroz-Alves et 75 
al. 2018). In the case of Point Barrow, the ΔR value traditionally used for interpretation (506 76 
± 69 years) is a weighted-mean of four values which have been calculated by dating known-77 
age bivalves collected in 1913 from Point Barrow, the only ΔR values currently available for 78 
this study area (McNeely et al. 2006). While these early 20th century MRE values are 79 
normally applied to correct offsets from the Point Barrow area, it is questionable how 80 
reflective more recent values are of those from the past. Changes in upwelling, climate, and 81 
ocean currents will inevitably result in changes in local MRE values through time (Russell et 82 
al. 2010), and estimating ancient MRE values is a research topic that so far has been 83 
overlooked in the Alaskan Arctic. 84 
 85 
Numerous contexts are available in the study area with contemporaneously deposited samples 86 
of marine- and terrestrial-derived carbon for 14C dating, primarily from frozen in situ 87 
domestic Thule contexts with discarded, processed seals and caribou remains (Ford 1959; 88 
Stanford 1976; Hall and Fullerton 1990; Sheehan 1997; Jensen 2009a). This study has 89 
followed the multiple pair approach of Ascough et al. (2009) and Russell et al. (2010), 90 
whereby paired terrestrial and marine samples (e.g. seal bone and caribou bone) have been 91 
utilized to assess the ΔR value directly from animals consumed by the Thule population. 92 
 93 
Previous analysis of δ13C and δ15N values from Thule skeletons interred in the Point Barrow 94 
region suggests that seals were the most significant food in Thule diets (Coltrain et al. 2016). 95 
Seals in Point Barrow regularly move throughout the coastal portions of the Chukchi Sea and 96 
Beaufort Sea during the open water season each year (Bengtson et al. 2005; Harwood et al. 97 
2012; Lowry et al. 1998) and adult ring seals tend to be more territorial during the rest of the 98 
year (Crawford et al. 2012; Harwood et al. 2012; Kelly et al. 2010; Kraffit et al. 2007). The 99 
seal bones sampled for this project are all identified as likely ring seal (Phoca hispida) (Table 100 
1) and so are likely to strongly reflect local marine reservoirs throughout the Chukchi Sea and 101 
Beaufort Sea. Thus, our ΔR for the Thule population is different than one based on 102 
measurements of sedentary marine organisms, which is not what local Thule communities 103 
were eating. Therefore, as it is derived directly from the foods that the Thule were eating, our 104 
suggested best-fit ΔR value based on paired samples of seal bone and caribou bone is more 105 
suitable for the correction of 14C measurements from Point Barrow’s human population. 106 
 107 
This best-fit ΔR approach further allows for the correction and Bayesian modeling of 14C data 108 
from human skeletons from the largest ancient cemetery in northwest Alaska (Nuvuk, Point 109 
Barrow). Advances in the statistical modeling of 14C dates and archaeological data within a 110 
Bayesian framework is enabling researchers to better understand similar mortuary 111 
chronologies and even produce date estimates at generational-levels (Bayliss 2009; Bayliss et 112 
al. 2007; 2011). 113 
 114 
METHODOLOGY 115 
 116 
ΔR values, used to correct for local MRE 14C offsets, were calculated using an analysis of 117 
multiple paired marine and terrestrial samples following the methods described in Russell 118 
(2011) and Russell et al. (2015). Twenty-six single-entity samples of paired caribou and seal 119 
bone were submitted for radiocarbon dating from eight secure archaeological contexts, 120 
specifically from contexts where such samples were frozen in situ (Table 1). 121 
 122 
These samples were submitted to the Scottish Universities Environmental Research Centre 123 
(SUERC) to be measured by Accelerator Mass Spectrometry (AMS). Since the samples were 124 
well-preserved in the frozen Arctic environment, they were pretreated following the protocols 125 
for forensic bone described in Dunbar et al. (2016), where a lipid extraction process is 126 
employed prior to the standard collagen extraction method employed in the laboratory. 127 
Graphite targets were prepared and measured following Naysmith et al. (2010). SUERC 128 
maintains rigorous internal quality assurance procedures and participation in international 129 
inter-comparisons (Scott 2003; Scott et al. 2003; 2007; 2010), thus validating the 130 
measurement precision quoted for the 14C ages. The C:N ratios suggest that bone preservation 131 
was sufficiently good to have confidence in the accuracy of the 14C determinations (Table 1; 132 
Masters 1987; Tuross et al. 1988). Conventional 14C ages (Stuiver and Polach 1977) are 133 
presented in Table 1, quoted according to the international standard set at the Trondheim 134 
Convention (Stuiver and Kra 1986). Calibrated date ranges were calculated using the relevant 135 
terrestrial or marine calibration curve of Reimer et al. (2013) and OxCal v4.3. Calibrations 136 
are cited in the text as 95% confidence intervals, with the end points rounded outwards to 10 137 
years. 138 
 139 
Carbon (δ 13C) and nitrogen (δ 15N) isotopic values were analyzed using a Thermo Scientific 140 
Delta V Advantage continuous-flow isotope ratio mass spectrometer (CF-IRMS) coupled via 141 
a Thermo Scientific ConfloIV to a Costech ECS 4010 elemental analyzer (EA) fitted with a 142 
pneumatic auto sampler. Samples were weighed into tin capsules (~600 µg) and combusted 143 
in the presence of oxygen in a single reactor containing tungstic oxide and copper wires at 144 
1020°C to produce N2 and CO2. A magnesium perchlorate trap was used to eliminate water 145 
produced during the combustion process and the gases were separated in a 2 m stainless steel 146 
Porapak QS 50-80 mesh GC column heated to 70°C. Helium (100mL/min) was used as a 147 
carrier gas throughout the procedure. N2 and CO2 entered the mass spectrometer via an open 148 
split arrangement within the ConfloIV and were analyzed against their corresponding 149 
reference gases. For every ten unknown samples, in-house gelatin standards, which are 150 
calibrated to the International Atomic Energy Agency (IAEA) reference materials USGS40 151 
(L-glutamic acid, δ13CV-PDB = –26.39‰), USGS41 (L-glutamic acid, δ13CV-PDB = +37.63‰), 152 
IAEA-CH-6 (sucrose, δ13CV-PDB = –10.45‰), USGS25 (ammonium sulfate, δ15NAIR = –153 
30.41‰), IAEA-N-1 (ammonium sulfate, δ15NAIR = +0.43‰) and IAEA-N-2 (ammonium 154 
sulfate, δ15NAIR = +20.41‰), were run in duplicate. Results are reported as per mil (‰) 155 
relative to the internationally accepted standards VPDB and AIR, with 1σ precisions of 156 
±0.2‰ and ±0.3‰ for δ13C and δ15N, respectively. 157 
 158 
Following Cook et al. (2015), 14C ages for material whose carbon has derived from both 159 
terrestrial and marine sources were corrected using a mixed terrestrial and marine calibration 160 
curve that combines the internationally agreed calibration curves of Reimer et al. (2013) for 161 
terrestrial/atmospheric samples (IntCal13) with the calibration curve used for marine samples 162 
(Marine13). It is a modeled calibration because there is more than one way to determine the 163 
percentage of diet that derived from terrestrial/marine resources. As such, the results will 164 
vary slightly depending on the method used. 165 
 166 
Paired terrestrial-terrestrial and marine-marine 14C measurements from individual contexts 167 
were subject to Ward and Wilson (1978) χ2 tests to evaluate the independent contemporaneity 168 
of the samples within each of these two groups (Table 2). Where the pairs from the same 169 
context passed the χ2 test they were considered suitable for use in making the ΔR estimation. 170 
Following Russell (2011), ΔR values were calculated for every possible pairing of marine-171 
terrestrial samples within individual contexts. The calculated weighted-mean ΔR was then 172 
used in calibration to correct for local reservoir effects from marine carbon. 173 
 174 
The Fortran/Unix ΔR calculation program described in Russell (2011) was used for analysis. 175 
This program calculates ΔR values through the conversion of the terrestrial 14C 176 
measurements to modeled marine 14C age bounds using interpolation between the IntCal13 177 
atmospheric curve and the Marine13 curve (Reimer et al. 2013). The difference between the 178 
modeled and the measured marine age is the ΔR value. The 1σ error on the ΔR values is 179 
calculated by a propagation of errors as shown in Equation 5.2 in Russell (2011). A 180 
weighted-mean ΔR was calculated to provide a single representative value for each context, 181 
placing more weight on the values with lower associated errors, as is commonplace in 182 
statistical manipulations. An additional weighted-mean of the weighted-mean values was 183 
calculated to provide a single representative ΔR value for the Point Barrow area during the 184 
Thule period. This ΔR value was then used in calibration to correct for local reservoir effects 185 
from marine carbon. 186 
 187 
The technique used for Bayesian chronological modeling is a form of Markov Chain Monte 188 
Carlo sampling (Buck et al. 1991; 1996) and has been applied using the program OxCal v4.3 189 
(http://c14.arch.ox.ac.uk/). Details of the algorithms employed by OxCal v4.3 are available in 190 
Bronk Ramsey (1995; 1998; 2001; 2009) or from the online manual. The fit between the 191 
OxCal model and data is gauged with the Amodel agreement index, with values higher than 60 192 
indicative of good agreement between the model parameters and the dates (Bronk Ramsey 193 
1995). Resulting posterior density estimates from OxCal are calendar years and presented in 194 
italics as probability ranges with end points rounded outward to the nearest five years. The 195 
algorithms used in the models can be derived from the OxCal keywords and bracket structure 196 
shown in the probability distribution plot (Figures 1–3). It should be emphasized that the 197 
posterior density estimates produced by modeling are not absolute. They are interpretative 198 
estimates, which can and will change as further data become available and as other 199 
researchers choose to model the existing data from different perspectives. 200 
 201 
THE SAMPLES AND MODELS 202 
 203 
Coltrain et al. (2016) report AMS 14C and stable isotope measurements from 54 Thule 204 
individuals buried in the Nuvuk cemetery. Following the linear dietary model of Arneborg et 205 
al. (1999), the percentage of terrestrial protein consumed (with an uncertainty of 10%) was 206 
calculated in Coltrain et al. (2016:Table 1) using –12.0‰ and –20.0‰ as δ13C end members, 207 
where –20.0‰ equated to a 100% terrestrial diet, and –12.0‰ represented a 100% marine 208 
diet. These dietary estimates are used in the first Bayesian chronological model (Model 1). 209 
The second model (Model 2) uses dietary estimates calculated with the same linear equation, 210 
but with different δ13C end members. Specifically, in Model 2 the average δ13C measured for 211 
caribou and seal bones sampled for this study (Table 1) is used to estimate the terrestrial and 212 
marine dietary end members, respectively, after adjustment for a trophic level shift of +1‰ 213 
(following DeNiro and Epstein 1978). 14C calibrations for this study were corrected using 214 
OxCal and ‘mixing’ the two calibration curves at the calculated percentages for the two 215 
different models. Local reservoir effects from marine carbon were corrected with weighted-216 
mean ΔR correction estimated in this study. 217 
 218 
The 14C dates from human skeletons were modeled using the prior assumption that they are 219 
representative of a single, relatively uniform phase of mortuary activity and have been placed 220 
into unordered phases corresponding to their archaeological context. Boundaries were used in 221 
OxCal to estimate the start and end date of the overall unordered group. 222 
 223 
RESULTS 224 
 225 
The measured δ13C values of the terrestrial mammal bones used within this study (–19.1‰ to 226 
–22.8‰), are slightly more enriched when compared to the typical range for animals existing 227 
on purely terrestrial dietary resources in C3-dominated environments (e.g. DeNiro and 228 
Epstein 1978; Chisholm et al. 1982; Peterson and Fry 1987; Post 2002; Schoeninger and 229 
DeNiro 1984) as caribou tend to have more enriched δ13C values when compared to other 230 
herbivores due to seasonal lichen consumption (Britton et al. 2013; Drucker et al. 2010; Fizet 231 
et al. 1995).  232 
 233 
All terrestrial 14C measurements within paired contexts pass the Ward and Wilson (1978) χ2 234 
tests, ensuring confidence in the contemporaneity of the terrestrial samples (Table 2). Four of 235 
the six pairs of marine 14C measurements within paired contexts pass the Ward and Wilson 236 
(1978) χ2 tests, ensuring confidence in the contemporaneity of those pairs (Table 2). ΔR 237 
values from each pairing are shown in Table 2 where they are sorted by the mean terrestrial 238 
calibration in each context. These values range from 389 ± 116 years to 535 ± 33 years. 239 
Excluding the two contexts that failed χ2 tests, the weighted-mean value for Point Barrow 240 
area during the Thule period is 450 ± 84 years. 241 
 242 
The average δ13C measured for seal and caribou bones sampled for this study is –14.8‰ and 243 
–19.6‰, respectively (Table 1). These mean values were adjusted by a trophic level shift of 244 
+1‰ (following DeNiro and Epstein 1978) to estimate the terrestrial and marine dietary end 245 
members for Model 2 (–13.8‰ and –18.6‰). When compared to the dietary estimates 246 
provided by Coltrain et al. (2016), the use of these δ13C end members results in lower 247 
estimates for the percentages of terrestrial protein consumed for the dated human skeletons 248 
from the Nuvuk cemetery. 249 
 250 
The 14C dates are in good agreement with the Bayesian model assumptions of both models 251 
(Amodel=189.6; Amodel=178.7). Modeling estimates that mortuary activity related to the 252 
directly dated human skeletons at the Nuvuk cemetery began in cal AD 1000–1370 (95% 253 
probability; Figure 1; Model 1: Boundary Start Nuvuk Cemetery) in Model 1 and cal AD 254 
1165–1445 (95% probability; Figure 1; Model 2: Boundary Start Nuvuk Cemetery) in Model 255 
2. This mortuary activity is estimated to have ended in cal AD 1330–1535 (95% probability; 256 
Figure 1; Model 1: Boundary End Nuvuk Cemetery) in Model 1 and cal AD 1465–1585 (95% 257 
probability; Figure 1; Model 2: Boundary End Nuvuk Cemetery) in Model 2. The estimated 258 
span of this mortuary activity is 80–440 years (95% probability; Figure 3; Model 1: Span of 259 
Nuvuk Cemetery) in Model 1 and 75–375 years (95% probability; Figure 3; Model 2: Span of 260 
Nuvuk Cemetery) in Model 2.  261 
 262 
DISCUSSION AND CONCLUSION 263 
 264 
This result of this study is three-fold. First, we have used 26 new 14C dates to explore the 265 
variation of how the local ΔR value in the Point Barrow region has changed throughout the 266 
Thule period (AD 1000–1750) (Table 2), and second, we have modeled dated human 267 
skeletons from the Nuvuk cemetery by applying our best ΔR estimate for the Thule period to 268 
a Bayesian chronological model to estimate the timing of mortuary activity (Figures 1–4). 269 
Third, we have derived end members using local, chronologically relevant samples in a best-270 
fit approach towards estimating the percentage of terrestrial protein consumed in the dated 271 
human skeletons and have used these estimates within our chronological modeling.  272 
 273 
The results suggest that the local marine reservoir offset varied by approximately 400–500 274 
years throughout the second millennium AD (Table 2). Tentatively, the simplest explanation 275 
for these ΔR fluctuations is changes in the annual thawing patterns of Arctic Ocean sea ice. 276 
Another source of variability is the fluctuation in the annual discharge of riverine terrigenous 277 
carbon into the Beaufort Sea during the spring freshwater runoff (Coltrain et al. 2016). We 278 
suggest using our weighted-mean value (450 ± 84 years) as a best-fit local correction for the 279 
14C dating of Thule period (AD 1000–1750) human populations in the Point Barrow area 280 
instead of the context-specific ΔR values shown in Table 2, because the sample of individual 281 
Thule period ΔR values for Point Barrow (Table 2) is too low to discern a clear temporal 282 
relationship (following Russel et al. 2015:40). Our weighted-mean ΔR value (450 ± 84 years) 283 
is less than the weighted-mean ΔR value (506 ± 69 years) for Point Barrow in the early 20th 284 
century put forth by McNeely et al. (2006), and it may be that global warming from 285 
industrialization led to increased melting of Arctic sea ice and the release of old carbon into 286 
the early 20th century Arctic oceansphere. However, it is also possible that the early 20th 287 
century bivalves collected from Point Barrow dated by McNeely et al. (2006) may have been 288 
frozen in place, leading to an overestimate in their ΔR correction. 289 
 290 
Thule archaeological studies have yet to adopt the highly innovative new methodologies used 291 
by recent North Atlantic archaeological projects for interpreting isotopic data and 14C 292 
measurements in Bayesian frameworks to finely trace cultural changes through time (e.g. 293 
Cook et al. 2015; Hamilton and Sayle 2018). The combination of stable isotope analysis and 294 
chronological modeling in future research should allow for further generational-level insight 295 
into cultural and societal changes during the Birnirk to Thule transition. Further, isotopic 296 
considerations (e.g. δ34S) and Bayesian mixed modeling methods (Fernandes et al. 2014) 297 
should allow for more accurate estimates of the proportion of terrestrial, marine, and 298 
freshwater protein in each 14C dated individual; which, could ultimately allow for even more 299 
accurate 14C calibrations and Bayesian modeling. 300 
 301 
In this case, the application of our ΔR estimates in conjunction with Bayesian chronological 302 
modeling has led to an important new finding regarding the timing of the Nuvuk cemetery. 303 
Of the two Bayesian chronological models (Figure 4), Model 2 is preferred for interpretation 304 
because it utilizes a more accurate reflection of the stable isotope ratios of the human 305 
skeletons through using δ13C end members from fauna that are both geographically and 306 
temporally local (Table 1). At 95% probability, the results of Model 2 show that the mortuary 307 
activity in the Nuvuk cemetery related to the directly dated human skeletons began in the 308 
early or middle portions of the Thule period and continued for 75–375 years. Although, it is 309 
entirely possible that even earlier burials were present but destroyed from coastal erosion 310 
(Jensen 2009a; MacCarthy 1953) and it is feasible that activity at the cemetery began during 311 
the Birnirk period (AD 500–1000). In the mid-AD 1900s Wilburt Carter excavated human 312 
skeletons at Point Barrow from northern mortuary contexts that had eroded before modern 313 
excavations began in the 1990s (Jensen 2009a:25). Even earlier, Captain Rochfort Maguire in 314 
HMS Plover spent the winters of 1852 and 1853 in the Elson Lagoon, where he learned from 315 
the Iñupiat Eskimos that the ground of Point Barrow had been eroding for generations 316 
(Maguire 1988). Maguire noted that people told him that they had been forced to move the 317 
village to the location where he encountered them due to erosion at the old site, which they 318 
indicated was now underwater. Additionally, two Sicco harpoon heads carved from antler 319 
(Rangifer tarandus) were recovered from one of the northernmost graves (Nuvuk-01) 320 
excavated at Nuvuk (Jensen 2007). Sicco harpoon heads are considered to be Early Thule 321 
index fossils (Jensen 2009a:131) and a date from one of these harpoon heads (Beta-180329) 322 
has a conventional 14C age of 1110 ± 40 BP (Jensen 2009a:Table 5), calibrating to cal AD 323 
770–1020 (95% confidence). Likewise, while the modeling estimates that mortuary activity 324 
related to the directly dated skeletons ceased by cal AD 1465–1585 (95% probability; Figure 325 
1; Model 2: Boundary End Nuvuk Cemetery), it is quite possible that mortuary activity at the 326 
Nuvuk cemetery continued until the AD 1900s, as surface indications of burials continue 327 
along the Nuvuk ridge up to grave markers from the 1920s (Jensen 2009a:208). 328 
 329 
There is a great (and so far unexploited) potential to provide a robust and much more accurate 330 
chronology for early human colonization and settlement in the Point Barrow region through 331 
further applications of Bayesian statistical modeling of 14C measurements corrected with 332 
best-fit ΔR values and paleodietary estimates. Moreover, around a dozen archaeological sites 333 
in the region contain ample numbers of archaeological contexts with in situ faunal remains 334 
ideal for archaeological 14C sampling (Ford 1959; Stanford 1976; Hall and Fullerton 1990; 335 
Sheehan 1997; Jensen 2009a, 2009b). Ultimately, the Point Barrow chronology will further 336 
improve through the continuation of this type of research in the future to address questions 337 
about the timing, tempo, and duration of human activity that are of interest to the greater 338 
scientific and Native American community. 339 
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Table 1. New 14C measurements collected for the estimation of ΔR values. 
Laboratory 
code Site Context Material 
Conventional 14C 
age (BP) δ
13C (‰) δ15N (‰) Atomic C:N 
SUERC-
68972 
Walakpa 
(49BAR013) 
CS 2 Level F 
(collected 2015). 
Likely caribou (Rangifer 
tarandus) long bone 967 ± 29 –19.3 3.1 3.2 
SUERC-
68973 
Walakpa 
(49BAR013) 
CS 2 Level F 
(collected 2015) 
Caribou (Rangifer tarandus) 
rib 1031 ± 27 –20.0 3.3 3.2 
SUERC-
68977 
Walakpa 
(Utqiaġvik, 
Alaska) 
CS 2 Level F 
(collected 2015) 
Likely ring seal (Phoca 
hispida) radius 1810 ± 29 –14.3 18.5 3.3 
SUERC-
68978 
Walakpa 
(49BAR013) 
CS 2 Level F 
(collected 2015) 
Likely ring seal (Phoca 
hispida) radius 1761 ± 27 –15.1 19.1 3.3 
SUERC-
68979 
Walakpa 
(49BAR013) 
CS 2 Level D 
(collected 2015) 
Likely ring seal (Phoca 
hispida) unfused distal 
femur end 
1637 ± 29 –14.1 18.5 3.2 
SUERC-
68980 
Walakpa 
(49BAR013) 
CS 2 Level D 
(collected 2015) 
Likely ring seal (Phoca 
hispida) tibia 1694 ± 33 –16.8 17.9 3.3 
SUERC-
68981 
Walakpa 
(49BAR013 
CS 2 Level D 
(collected 2015) 
Caribou (Rangifer tarandus) 
long bone fragment 718 ± 24 –20.3 3.4 3.2 
SUERC-
68982 
Walakpa 
(49BAR013 
CS 2 Level D 
(collected 2015) 
Caribou (Rangifer tarandus) 
cranial fragment 710 ± 29 –19.1 5.2 3.2 
SUERC-
68983 Pingasugruk 
SL2: Low Camp 
(Bucket STWHG) 
Likely ring seal (Phoca 
hispida) claw 1084 ± 29 –15.8 18.2 3.5 
SUERC-
68987 Pingasugruk 
SL2: Low Camp 
(Bucket STWHG) 
Likely ring seal (Phoca 
hispida) first phalanx 1285 ± 30 –12.9 19.0 3.2 
SUERC-
68988 Pingasugruk 
SL2: Low Camp 
(Bucket STWHG) 
Caribou (Rangifer tarandus) 
distal radius 376 ± 29 –20.2 3.2 3.4 
SUERC-
68989 Pingasugruk 
SL2: Low Camp 
(Bucket STWHG) 
Caribou (Rangifer tarandus) 
metapodial shaft 374 ± 27 –19.6 3.5 3.2 
SUERC-
68990 Pingasugruk 
SL1: Midden 
(Tamis RSBQJ) 
Caribou (Rangifer tarandus) 
rib fragment 381 ± 29 –19.1 3.4 3.2 
SUERC-
68991 Pingasugruk 
SL1: Midden 
(Tamis RSBQJ) 
Caribou (Rangifer tarandus) 
astragalus 299 ± 27 –19.4 3.0 3.2 
SUERC-
68992 Pingasugruk 
SL1: Midden 
(Tamis RSBQJ) 
Caribou (Rangifer tarandus) 
calcaneus 372 ± 29 –19.4 2.9 3.2 
SUERC-
68993 Pingasugruk 
SL1: Midden 
(Tamis RSBQJ) 
Likely ring seal (Phoca 
hispida) tibia 1265 ± 29 –14.5 19.0 3.3 
Table 1. New 14C measurements collected for the estimation of ΔR values. 
Laboratory 
code Site Context Material 
Conventional 14C 
age (BP) δ
13C (‰) δ15N (‰) Atomic C:N 
SUERC-
68997 Pingasugruk 
SL1: Midden 
(Tamis RSBQJ) 
Likely ring seal (Phoca 
hispida) humerus 1085 ± 29 –15.3 17.0 3.2 
SUERC-
68998 Pingasugruk 
SL1: Midden 
(Tamis RSBQJ) 
Likely ring seal (Phoca 
hispida) femur 1230 ± 27 –15.2 17.3 3.3 
SUERC-
68999 Pingasugruk 
SL2: Kitchen 
(Bucket LUVYM) 
Likely ring seal (Phoca 
hispida) fibula and tibia with 
tissue 
1264 ± 27 –14.4 18.4 3.5 
SUERC-
69000 Pingasugruk 
SL2: Kitchen 
(Bucket LUVYM) 
Likely ring seal (Phoca 
hispida) astragalus 1315 ± 29 –14.4 19.0 3.4 
SUERC-
69001 Pingasugruk 
SL2: Kitchen 
(Bucket LUVYM) 
Caribou (Rangifer tarandus) 
rib fragment 478 ± 33 –20.1 2.9 3.6 
SUERC-
69002 Pingasugruk 
SL2: Kitchen 
(Bucket LUVYM) 
Caribou (Rangifer tarandus) 
mandible fragment with 
teeth 
427 ± 33 –20.0 4.2 3.5 
SUERC-
69003 Pingasugruk 
SL2: Midden 
(Tamis GUBNN) 
Likely ring seal (Phoca 
hispida) femur 1158 ± 29 –15.5 18.7 3.2 
SUERC-
69007 Pingasugruk 
SL2: Midden 
(Tamis GUBNN) 
Likely ring seal (Phoca 
hispida) astragalus 1177 ± 27 –14.6 19.6 3.3 
SUERC-
69008 Pingasugruk 
SL2: Midden 
(Tamis GUBNN) 
Caribou (Rangifer tarandus) 
bone, probable maxilla 
fragment 
388 ± 29 –19.2 2.2 3.2 
SUERC-
69009 Pingasugruk 
SL2: Midden 
(Tamis GUBNN) 
Caribou (Rangifer tarandus) 
distal tibia 321 ± 29 –19.2 2.6 3.2 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Results of χ2 testing, calculated dates, and ΔR values for each context. 
 
Site Context Terrestrial χ
2 
results 
Marine χ2 
results 
Mean terrestrial 
age (BP) 
Calibrated range (95% 
confidence) (cal AD) 
Weighted-mean 
ΔR (years) 
Walakpa 
(49BAR013) CS 2 Level F 
T=2.6; df=1; 
T’(0.05)=3.8 
T=1.5; df=1; 
T’(0.05)=3.8 1001 ± 20 cal AD 980–1120 390 ± 47 
Walakpa 
(49BAR013) CS 2 Level D 
T=0.0; df=1; 
T’(0.05)=3.8 
T=1.7; df=1; 
T’(0.05)=3.8 715 ± 19 cal AD 1260–1300 535 ± 33 
Pingasugruk SL2: Kitchen (Bucket LUVYM) 
T=1.2; df=1; 
T’(0.05)=3.8 
T=1.7; df=1; 
T’(0.05)=3.8 453 ± 24 cal AD 1410–1470 386 ± 37 
Pingasugruk SL2: Low Camp (Bucket STWHG) 
T=0.0; df=1; 
T’(0.05)=3.8 
T=23.2; df=1; 
T’(0.05)=3.8 375 ± 20 cal AD 1440–1630 389 ± 116 
Pingasugruk SL2: Midden (Tamis GUBNN) 
T=2.7; df=1; 
T’(0.05)=3.8 
T=0.2; df=1; 
T’(0.05)=3.8 355 ± 21 cal AD 1450–1640 389 ± 116 
Pingasugruk SL1: Midden (Tamis RSBQJ) 
T=5.3; df=2; 
T’(0.05)=6.0 
T=21.8; df=2; 
T’(0.05)=6.0 348 ± 17 cal AD 1460–1640 438 ± 90 
FIGURES 
 
 
 
Figure 1. Results and structure of Model 1. The brackets and keywords define the model 
structure. The outlined distribution is the result of 14C calibration and the solid distributions 
are the chronological model results. The large square ‘brackets’ along with the OxCal 
keywords define the overall model exactly. 
 
 
 
 
 
 
Figure 2. Results and structure of Model 2. The brackets and keywords define the model 
structure. The format is as described in Figure 1. 
 
 
 
 
Figure 3. Posterior probabilities for estimated mortuary activity span from the Bayesian 
models. 
 
 
 
 
Figure 4. Posterior probability densities derived from Models 1–2 for the starting and ending 
boundaries for the mortuary activity related to the directly dated human skeletons at the 
Nuvuk cemetery. 
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SUPPLEMENTAL MATERIAL: OXCAL CODE 
 
MODEL 1: 
 
Plot() 
 { 
  Sequence() 
  { 
   Boundary("Model 1: Start Nuvuk Cemetery"); 
   Phase("Nuvuk Cemetery") 
   { 
    Curve("IntCal13","IntCal13.14c"); 
    Curve("Marine13","Marine13.14c"); 
    Delta_R("LocalMarine",450 ,84); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",70.2,10); 
    R_Date("AA89599", 1318, 37); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",69,10); 
    R_Date("AA89600", 1331, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",54.8,10); 
    R_Date("AA89601", 1051, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",65.4,10); 
    R_Date("AA89602", 1401, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",60.3,10); 
    R_Date("AA89603", 823, 33); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",68,10); 
    R_Date("AA89604", 1085, 37); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",92.6,10); 
    R_Date("AA89605", 1586, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",88,10); 
    R_Date("AA89606", 1460, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",63.8,10); 
    R_Date("AA89607", 1328, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",59.9,10); 
    R_Date("AA89608", 1380, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",65,10); 
    R_Date("AA89609", 1292, 43); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",74.9,10); 
    R_Date("AA89610", 1081, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",71.5,10); 
    R_Date("AA89611", 1354, 40); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",53.5,10); 
    R_Date("AA89612", 1326, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",74.9,10); 
    R_Date("AA89613", 1407, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",63.1,10); 
    R_Date("AA89614", 1092, 40); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",69.3,10); 
    R_Date("AA89615", 1353, 45); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",74.3,10); 
    R_Date("AA89616", 1311, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",62.2,10); 
    R_Date("AA89617", 894, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",76.3,10); 
    R_Date("AA89618", 1398, 49); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",72.8,10); 
    R_Date("AA89619", 1463, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",84.9,10); 
    R_Date("AA89620", 1310, 36); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",76.9,10); 
    R_Date("AA89621", 1239, 43); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",73.6,10); 
    R_Date("AA89622", 1130, 44); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",68.6,10); 
    R_Date("AA89623", 1299, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",61.6,10); 
    R_Date("AA89624", 1390, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",80.3,10); 
    R_Date("AA89625", 1397, 46); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",74.7,10); 
    R_Date("AA89626", 1377, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",71.3,10); 
    R_Date("AA89627", 963, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",73.1,10); 
    R_Date("AA89628", 1295, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",78.9,10); 
    R_Date("AA89629", 1282, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",89.4,10); 
    R_Date("AA89630", 1402, 33); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",80.1,10); 
    R_Date("AA100197", 1280, 50); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",84,10); 
    R_Date("14B/0719", 1390, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",83.9,10); 
    R_Date("14B/0720", 1110, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",57.5,10); 
    R_Date("14B/0721", 1190, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",77.1,10); 
    R_Date("AA103365", 1370, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",68.5,10); 
    R_Date("AA103366", 1171, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",66.2,10); 
    R_Date("AA103367", 803, 38); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",72.9,10); 
    R_Date("AA103368", 1399, 40); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",80.2,10); 
    R_Date("14B/0722", 1390, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",69.1,10); 
    R_Date("AA103369", 1246, 58); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",80.4,10); 
    R_Date("14B/0723", 1310, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",66.9,10); 
    R_Date("14B/0724", 1290, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.8,10); 
    R_Date("14B/0725", 1350, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",69.3,10); 
    R_Date("AA103370", 1300, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",91.4,10); 
    R_Date("AA103371", 1484, 52); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",75.9,10); 
    R_Date("14B/0726", 1320, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.7,10); 
    R_Date("14B/0727", 1340, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",78,10); 
    R_Date("14B/0728", 1320, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",95.2,10); 
    R_Date("AA103372", 1539, 44); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",67.1,10); 
    R_Date("AA103373", 1347, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",77.5,10); 
    R_Date("AA103374", 1395, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",78.8,10); 
    R_Date("AA103375", 1493, 40); 
   }; 
   Boundary("Model 1: End Nuvuk Cemetery"); 
   Span("Nuvuk Cemetery Span"); 
  }; 
 }; 
 
MODEL 2: 
 
Plot() 
 { 
  Sequence() 
  { 
   Boundary("Model 2: Start Nuvuk Cemetery"); 
   Phase("Nuvuk Cemetery") 
   { 
    Curve("IntCal13","IntCal13.14c"); 
    Curve("Marine13","Marine13.14c"); 
    Delta_R("LocalMarine",450 ,84); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",87.5,10); 
    R_Date("AA89599", 1318, 37); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.4,10); 
    R_Date("AA89600", 1331, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",62.5,10); 
    R_Date("AA89601", 1051, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",79.2,10); 
    R_Date("AA89602", 1401, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",70.8,10); 
    R_Date("AA89603", 823, 33); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",83.3,10); 
    R_Date("AA89604", 1085, 37); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89605", 1586, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89606", 1460, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",77.1,10); 
    R_Date("AA89607", 1328, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",70.8,10); 
    R_Date("AA89608", 1380, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",79.2,10); 
    R_Date("AA89609", 1292, 43); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",95.8,10); 
    R_Date("AA89610", 1081, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",89.6,10); 
    R_Date("AA89611", 1354, 40); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",60.4,10); 
    R_Date("AA89612", 1326, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",95.8,10); 
    R_Date("AA89613", 1407, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",75,10); 
    R_Date("AA89614", 1092, 40); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.4,10); 
    R_Date("AA89615", 1353, 45); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",93.8,10); 
    R_Date("AA89616", 1311, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",75,10); 
    R_Date("AA89617", 894, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",97.9,10); 
    R_Date("AA89618", 1398, 49); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",91.7,10); 
    R_Date("AA89619", 1463, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89620", 1310, 36); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89621", 1239, 43); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",93.8,10); 
    R_Date("AA89622", 1130, 44); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.4,10); 
    R_Date("AA89623", 1299, 35); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",72.9,10); 
    R_Date("AA89624", 1390, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89625", 1397, 46); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",95.8,10); 
    R_Date("AA89626", 1377, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",89.6,10); 
    R_Date("AA89627", 963, 41); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",91.7,10); 
    R_Date("AA89628", 1295, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89629", 1282, 34); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA89630", 1402, 33); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA100197", 1280, 50); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0719", 1390, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0720", 1110, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",66.7,10); 
    R_Date("14B/0721", 1190, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA103365", 1370, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.4,10); 
    R_Date("AA103366", 1171, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",81.3,10); 
    R_Date("AA103367", 803, 38); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",91.7,10); 
    R_Date("AA103368", 1399, 40); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0722", 1390, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.4,10); 
    R_Date("AA103369", 1246, 58); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0723", 1310, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",83.3,10); 
    R_Date("14B/0724", 1290, 20); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0725", 1350, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",85.4,10); 
    R_Date("AA103370", 1300, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA103371", 1484, 52); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",97.9,10); 
    R_Date("14B/0726", 1320, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0727", 1340, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("14B/0728", 1320, 30); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA103372", 1539, 44); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",83.3,10); 
    R_Date("AA103373", 1347, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA103374", 1395, 39); 
    Mix_Curve("Mixed","IntCal13","LocalMarine",100,10); 
    R_Date("AA103375", 1493, 40); 
   }; 
   Boundary("Model 2: End Nuvuk Cemetery"); 
   Span("Nuvuk Cemetery Span"); 
  }; 
 }; 
